Prostaglandins have been implicated as paracrine regulators of renin secretion, but the specific pathways and receptor(s) carrying out these functions have not been fully elucidated. To examine the contributions of prostanoid synthetic pathways and receptors to regulation of renin in the intact animal, we used a panel of mice with targeted disruption of several key genes: cyclooxygenase-2 (COX-2), microsomal PGE synthases 1 and 2 (mPGES1, mPGES2), EP2 and EP4 receptors for PGE2, and the IP receptor for PGI2. To activate the macula densa signal for renin stimulation, mice were treated with furosemide over 5 days and renin mRNA levels were determined by real-time RT-PCR. At baseline, there were no differences in renin mRNA levels between wild-type and the various strains of mutant mice. Furosemide caused marked stimulation of renin mRNA expression across all groups of wild-type control mice. This response was completely abrogated in the absence of COX-2, but was unaffected in mice lacking mPGES1 or mPGES2. The absence of Gs/cAMP-linked EP2 receptors had no effect on stimulation of renin by furosemide and there was only a modest, insignificant reduction in renin responses in mice lacking the IP receptor. By contrast, renin stimulation in EP4 Ϫ/Ϫ mice was significantly reduced by ϳ70% compared with wild-type controls. These data suggest that stimulation of renin by the macula densa mechanism is mediated by PGE2 through a pathway requiring COX-2 and the EP4 receptor, but not EP2 or IP receptors. Surprisingly, mPGES1 or mPGES2 are not required, suggesting other alternative mechanisms for generating PGE2 in response to macula densa stimulation.
prostanoids; cyclooxygenase; kidney; renin-angiotensin system RENIN SECRETION FROM RENAL juxtaglomerular (JG) cells is the rate-limiting step in the formation of angiotensin II and control of renin release is of critical importance for extracellular fluid volume and blood pressure regulation (4) . Physiological regulation of renin release is influenced by three major mechanisms: renal sympathetic nerve activity, the renal baroreceptor, and the macula densa. For the latter, macula densa cells of the thick ascending limb of the loop of Henle sense changes in tubular sodium chloride concentration via the sodium-potassiumchloride transporter (NKCC2) located in their apical membrane (27) . Macula densa cells are located in close apposition to the afferent arteriole and affect renin secretion by signaling to JG cells in response to changes in luminal sodium chloride concentration. Reduced delivery of sodium chloride to that segment stimulates renin, whereas increased delivery suppresses renin, thereby providing a direct link between tubular sodium handling and control of renin-angiotensin system activation.
Prostanoids have been long implicated in the macula densa signal for release of renin. For example, infusion of PGE 2 and PGI 2 into the kidney stimulates renin secretion in various ex vivo and in vitro models (3, 23, 48) , and this effect depends on cAMP generation (41) . These prostanoids are generated from arachidonic acid by the sequential actions of cyclooxygenases (COX-1 and COX-2) and terminal prostaglandin synthases (PGES and PGIS). COX-2 is constitutively expressed in the thick ascending limb of the loop of Henle (18) . Moreover, expression of COX-2 at the macula densa is stimulated during sodium depletion (50) . Pharmacological inhibition of cyclooxygenases with nonsteroidal anti-inflammatory drugs blocks renin secretion (20) . This effect is recapitulated by specific inhibitors of COX-2.
PGE 2 and PGI 2 exert their physiological actions by signaling through specific G protein-coupled receptors: a family of E-prostanoid (EP) receptors for PGE 2 and a single I-prostanoid (IP) receptor for PGI 2 . Since cAMP release seems to be a final common signaling pathway for renin release by the JG cell, it was presumed that PG-induced renin synthesis and secretion were likely mediated by the G s -linked prostanoid receptors EP2, EP4, and/or IP, which all generate robust activation of adenylyl cyclase. In this regard, previous studies using various models and experimental approaches variously implicated the EP2, EP4, and IP receptors in macula densa regulation of renin (12, 32, 41) . Accordingly, there remains some uncertainty regarding the specific prostaglandin(s), PG synthase(s), and cell surface receptors controlling renin by the macula densa mechanism in the intact animal. Therefore, we carried out a comprehensive examination of this mechanism using a panel of mice with targeted deletion of genes that are critical to PGE 2 and PGI 2 synthesis and signaling. Using these mice and their precisely matched genetic controls, we stimulated renin expression with the loop diuretic furosemide, which inhibits the NKCC2 transporter and thereby triggers the macula densa signal to stimulate renin (27) . Our studies indicate critical roles for COX-2 and the EP4 receptor for PGE 2 in this pathway.
MATERIALS AND METHODS
Animals. All studies were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committees of the Durham VA and Duke University Medical Centers and the University of North Carolina at Chapel Hill. COX-2 Ϫ/Ϫ mice and wild-type (WT) littermates were maintained on a mixed (129/ SvEv, C57BL/6) genetic background as previously described (28) .
mPGES1
Ϫ/Ϫ mice were originally generated from ES cells derived from DBA/1 mice (45) and were back-crossed onto the C57BL/6 genetic background for greater than eight generations; WT C57BL/6 mice were used as controls. The EP2 Ϫ/Ϫ mice were maintained on the C57BL/6 background and their WT littermates were used as controls.
The mPGES2
Ϫ/Ϫ and IP Ϫ/Ϫ mice and their littermate controls were maintained on the 129/SvEv background.
Homozygosity for a null mutation in the EP4 receptor gene (EP4 Ϫ/Ϫ ) in mice is lethal in the early postnatal period due to patent ductus arteriosus (DA) (31). However, we observed that a few of the EP4-deficient mice survived into adulthood. In these surviving animals with a mixed genetic background of 129/SvEv, C57BL/6, and DBA/2, DA closure occurred normally, independent of EP4 receptors and the characteristic changes in PGE 2 after birth. One of these EP4 Ϫ/Ϫ survivors was crossed with an EP4 ϩ/Ϫ sibling and, in litters born to these parents, EP4
Ϫ/Ϫ mice undergoing DA closure and surviving the perinatal period were seen with higher frequency.
Subsequent intercrosses of EP4
Ϫ/Ϫ and EP4 ϩ/Ϫ littermates were carried out for Ͼ30 generations leading to the production of a recombinant inbred (RI) mouse line and a congenic EP4
Ϫ/Ϫ line, in which there is remodeling of the DA, independent of prostanoids and the EP4 receptor. These RI-EP4
Ϫ/Ϫ and their WT littermates were used for our studies.
The mouse lines used in our studies are on various genetic backgrounds including 129/SvEv, expressing two renin genes (Ren1 d and Ren2), and C57BL/6 mice, expressing only the single Ren1 c gene (42) . Table 1 shows the genetic background and renin gene(s) expressed for each line of gene-targeted mice used in our study. Renin genotyping was performed as previously described (25) using the following primers and probe: Ren1/2 common forward TGTC-CGGGAAATCCTGGAG; Ren1 reverse ACGGGGGAGATAAGAT-CAG; Ren2 reverse ACGGGGGAGGTAAGATTGA; Ren1/2 common probe Fam-CAGCACTGAGCCTGGTCATGTCCA-Tamra.
All experimental mice were 8 -12 wk old. Mice were treated with furosemide (2.28 mmol/l in drinking water) or vehicle for 5 days, kidneys were harvested, and RNA was isolated as described below. For studies using high-salt diet, mice were fed 6% NaCl chow (Harlan-Teklad, Madison, WI) beginning 2 days before furosemide administration and for the duration of treatment.
RNA isolation and real-time RT-PCR. Total RNA was extracted from whole kidneys using TriReagent (Sigma) according to the manufacturer's protocol. RNA was DNase-treated using Turbo DNAfree (Ambion, Austin, TX) to remove genomic DNA contamination. RNA yield was quantified by UV spectrophotometry and integrity was verified by 1% agarose gel electrophoresis and staining with ethidium bromide. Only RNA with A260/280 Ͼ 1.7 and displaying no significant degradation was used for reverse transcription. cDNAs were synthesized from 5 g of total RNA using random hexamers and SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). "No RT" samples lacking reverse transcriptase were prepared during each RT reaction for use as negative controls during PCR. Primers and dual-labeled probe (5=-FAM, 3=-TAMRA) targeting renin were synthesized based on previously published sequences (21) . Human 18S rRNA endogenous control primer-probe set was purchased from Applied Biosystems (Foster City, CA). PCR reactions were performed in duplicate on an iCycler real-time detection system (Bio-Rad, Hercules, CA). cDNA and negative control (No RT, water) templates (1 l) were added to 25-l PCR reaction mixtures consisting of 1ϫ ABI TaqMan Universal PCR master mix and either 1ϫ human eukaryotic 18S rRNA primer-probe mix or 1ϫ primer-probe mix for the gene of interest. Gene expression was quantified using the two standard curve method for relative quantitation (5) . Briefly, a five-point dilution series of positive control cDNA was prepared, and standard curves of threshold cycle (C t) vs. relative template concentration were generated for the gene of interest (renin) and housekeeping gene (18S rRNA). Template concentrations of unknown samples were then determined, based on their C t values, from these standard curves. The renin primers and probe used for real-time RT-PCR in our studies recognize both Ren1 and Ren2. However, the presence of a second renin gene does not appear to affect plasma renin concentration (PRC) in mice (16) .
Determination of PRC. Mice were lightly anesthetized with isoflurane and ϳ100 l of blood were rapidly collected from the maxillary plexus into tubes containing 3 l of 125 mM EDTA. Blood samples were maintained at room temperature and centrifuged at 3,500 rpm for 10 min to isolate plasma. Plasma samples were immediately frozen at Ϫ80°C until assay. PRC was determined by incubating plasma samples for 1 h with an excess of rat angiotensinogen derived from 48-h nephrectomized rat plasma. The incubate was then assayed for PRC using a Gamma Coat RIA kit (DiaSorin, Stillwater, MN) as previously described (33, 34) .
Radiotelemetry measurements of intra-arterial pressure. Blood pressure was measured in conscious mice by radiotelemetry using TA11PA-C10 transmitters (Data Sciences International, St. Paul, MN) as described previously (10) . Briefly, mice were anesthetized with isoflurane and a pressure-sensing catheter was implanted into the left carotid artery, as previously described (6). The transducer unit was then inserted into a subcutaneous pouch along the right flank generated by blunt dissection inferiorly from the original neck incision. Mice were allowed to recover for 7 days after surgery to regain their normal circadian rhythms before experiments were initiated. During blood pressure measurements, mice were housed in a monitoring room in the animal facility where quiet is maintained and no other activities are permitted. Data were collected continuously with sampling every 5 min for 10-s intervals using Dataquest A.R.T. software (Data Sciences International).
Data analysis. Data are presented as means Ϯ SE. For furosemidetreated WT groups (designated as 100% in mRNA expression studies), renin mRNA expression values for all WT animals of that group were averaged and this mean was set at 100%. Expression in all other groups was expressed relative to the furosemide-treated WT group.
Group sizes for experimental and WT control mice were as follows: COX-2, n ϭ 3-9; EP2, n ϭ 4; EP4, n ϭ 3-4; IP, n ϭ 7-10; EP4/IP high-salt, n ϭ 4 -8; mPGES1/mPGES2, n ϭ 3-7. Some group sizes were small due to limited availability of gene-targeted mice, but provided sufficient statistical power to resolve differences between groups. Differences between groups were assessed by unpaired t-test and a P value of Ͻ0.05 was considered significant. Statistical analyses were performed using GraphPad Prism software.
RESULTS
To begin to examine prostanoid synthetic pathways involved in macula densa control of renin, we first treated WT and COX-2 Ϫ/Ϫ mice with furosemide or vehicle and measured changes in kidney renin mRNA expression. At baseline, renin mRNA levels were similar in COX-2-deficient mice and WT controls (3.2 Ϯ 1.6 vs. 7.8 Ϯ 2.2%; expressed as percent of furosemide-treated WT; P ϭ 0.076). Furosemide treatment caused a robust stimulation of renin expression in WT animals from 9.1 Ϯ 2.6 to 100 Ϯ 17.3% (P ϭ 0.002). In contrast, renin mRNA expression in COX-2 Ϫ/Ϫ animals was largely unaffected by furosemide (3.7 Ϯ 1.8 vs. 3.9 Ϯ 1.9%) and therefore renin expression after furosemide was significantly lower in the COX-2-deficient mice than their controls (3.9 Ϯ 1.9 vs. 100.0 Ϯ 17.3%, P ϭ 0.002; Fig. 1 ). Thus, in line with previous studies (8, 15, 17, 44, 47) , we find that COX-2 is essential for chronic stimulation of renin by the macula densa mechanism.
We used EP2 Ϫ/Ϫ and EP4 Ϫ/Ϫ mice to examine the relative roles of these receptors in furosemide-induced renin mRNA expression. At baseline, there was no difference in renin mRNA levels between the EP2-deficient mice and their genetically matched WT controls (5.19 Ϯ 1.19 vs. 3.31 Ϯ 0.85%, P ϭ 0.25). Chronic furosemide treatment caused significant and equivalent stimulation of renin mRNA in both groups (91.4 Ϯ 6.3 vs. 100.0 Ϯ 7.6%, P ϭ 0.42; Fig. 2 ). Renin mRNA levels in EP4 Ϫ/Ϫ animals at baseline were not different from those in their WT controls (12.6 Ϯ 3.9 vs. 20.9 Ϯ 3.0%, P ϭ 0.08). Compared with genetically matched EP4 ϩ/ϩ controls, the renin mRNA response to furosemide was markedly attenuated in EP4-deficient animals (40.5 Ϯ 10.8 vs. 100.0 Ϯ 18.8%, P ϭ 0.03; Fig. 3A ). To determine whether the deficit in kidney renin mRNA expression in EP4 Ϫ/Ϫ mice was associated with a change in circulating levels of renin, we measured PRC in these mice and their EP4 ϩ/ϩ controls. We found that basal PRC was significantly lower in EP4 Ϫ/Ϫ mice than in their WT controls (0.38 Ϯ 0.04 vs. 0.56 Ϯ 0.08 mg ANG I·l Ϫ1 ·h Ϫ1 , P ϭ 0.037; Fig. 3B) . Furthermore, the furosemidestimulated increase in PRC was markedly attenuated in EP4 Ϫ/Ϫ compared with WT animals (2.48 Ϯ 0.31 vs. 8.77 Ϯ 1.42 mg ANG I·l Ϫ1 ·h Ϫ1 , P ϭ 0.001). Previous studies also implicated the G S -linked IP receptor for PGI 2 in macula densa control of renin (12) . Thus, we also compared the renin response to furosemide in mice lacking the IP receptor for PGI 2 and genetically matched WT control mice. At baseline, renin mRNA levels were very similar in the groups of IP ϩ/ϩ and Ϫ/Ϫ animals (21.8 Ϯ 2.9 vs. 17.1 Ϯ 2.9% vehicle, P ϭ 0.28). Likewise, furosemide caused marked stimulation of renin in both IP-deficient and WT mice (79.8 Ϯ 10.2 vs. 100.0 Ϯ 9.8% furosemide, P ϭ 0.17; Fig. 4) .
Changes in blood pressure also impact renin release and expression via the renal baroreceptor. Since furosemide is a potent diuretic that may reduce blood pressure and perhaps activate renal baroreceptor mechanisms, we carried out additional experiments wherein EP4-and IP-deficient mice, along with their WT controls, were fed a high-salt (6% NaCl) diet during the period of furosemide administration to attenuate reductions of extracellular fluid volume. In general, the patterns of renin responses were similar to the studies with conventional sodium intake. There was no difference in renin levels between the IP ϩ/ϩ and Ϫ/Ϫ animals on the high-salt diets at baseline (3.7 Ϯ 0.35 vs. 3.1 Ϯ 1.2% vehicle, P ϭ 0.62) or after stimulation with furosemide, where they were virtually identical (92.2 Ϯ 8.1 vs. 100.0 Ϯ 16.6%, P ϭ 0.69; Fig. 5B ). By contrast, renin mRNA levels were significantly lower in EP4 Ϫ/Ϫ animals than controls at baseline with high-salt feeding (5.1 Ϯ 0.8 vs. 12.6 Ϯ 1.0%, P Ͻ 0.001; Fig. 5A ). During high-salt treatment, furosemide stimulation of renin was significantly attenuated in the EP4-deficient mice compared with WT controls (35.0 Ϯ 4.7 vs. 100.0 Ϯ 9.1%, P Ͻ 0.001).
To ensure that there were no changes in blood pressure associated with the regimen of furosemide administration, we measured blood pressure in EP4 Ϫ/Ϫ mice and their WT littermates by radiotelemetry at baseline and during 5 days of furosemide treatment. Under basal conditions, 24-h mean arterial pressure (MAP) was not significantly different between WT (116 Ϯ 2 mmHg) and EP4 Ϫ/Ϫ mice (112 Ϯ 2 mmHg, P ϭ 0.12). As shown in Fig. 6 , furosemide treatment did not significantly affect daily MAP in either group, compared with their respective baseline values.
To identify the key pathways for PGE 2 synthesis linked to macula densa signaling, we tested renin responses in mice lacking the two putative PGE synthase enzymes: mPGES1 and mPGES2. At baseline, there were no differences in levels of renin mRNA between groups of mPGES1 ϩ/ϩ or Ϫ/Ϫ (12.5 Ϯ 4.7 vs. 18.2 Ϯ 3.0%, P ϭ 0.33; Fig. 7A ) or mPGES2 ϩ/ϩ or Ϫ/Ϫ animals (31.4 Ϯ 12.2 vs. 28.6 Ϯ 4.5%, P ϭ 0.84; Fig. 6B ).
Following stimulation with furosemide, renin mRNA expression was increased in all of the groups. While there was no difference in renin mRNA levels between mPGES1 Ϫ/Ϫ mice and their genetically matched controls (113.3 Ϯ 18.0 vs. 100.0 Ϯ 9.9%, P ϭ 0.50; Fig. 7A ), the renin response in mPGES2 Ϫ/Ϫ animals was exaggerated compared with mPGES2 ϩ/ϩ controls (157.5 Ϯ 8.1 vs. 100 Ϯ 9.1%, P ϭ 0.0015; Fig. 7B ).
DISCUSSION
The renin-angiotensin system (RAS) is a critical mediator of body fluid homeostasis and blood pressure. In the circulating RAS, the level of renin is a rate-limiting step determining the downstream activity of the system. As such, the mechanisms regulating renin expression at the JG apparatus provide major physiological control of the RAS. The macula densa is one of the key pathways controlling renin, linking renin release to sodium chloride concentrations in the distal nephron. A role for prostaglandins in stimulation of renin at the macula densa has been long recognized (46) , but the precise molecular mechanisms underlying prostaglandin-dependent regulation of renin have not been clearly identified. In this regard, the identity of the specific prostanoid receptors and synthetic pathways transmitting signals triggering renin expression and release at the macula densa remains a matter of debate. Accordingly, we used a panel of genetically modified mice with precisely matched genetic controls to address this question. Our results clearly demonstrate that the EP4 receptor for PGE 2 plays the major role in regulating chronic expression of renin via the macula densa mechanism.
The initial step for generating prostanoids from arachidonic acid is mediated by cyclooxygenase enzymes, COX-1 and COX-2. In our studies, we find that COX-2 is absolutely required for renin stimulation by the macula densa, as the increase in expression of renin mRNA after furosemide is completely abrogated in COX-2-deficient mice (Fig. 1) . This observation is consistent with previous studies demonstrating impaired renin responses to both acute and chronic stimuli with COX-2 inhibition or in mice lacking COX-2 (9, 26, 49) . The requirement for COX-2 in the macula densa pathway indicates a role for one or more prostanoid moieties as signaling molecules.
More than 30 years ago, the capacities for pharmacological doses of PGE 2 or PGI 2 to stimulate renin release were demonstrated (13) . Since cAMP has been determined to be a final intracellular mediator triggering renin release in JG cells, it follows that the prostanoid(s) in this pathway would signal via G s proteins, which are linked to adenylate cyclase that generates cAMP upon activation. In this regard, the EP2 and EP4 receptors for PGE 2 and the IP receptor for PGI 2 all signal via G s (3, 21) , and all three receptors have been implicated in control of renin at the macula densa (9, 25, 28) . For example, studies by Fujino and associates (12) suggested a dominant role for the IP receptor in renin regulation. They showed that, after renal artery stenosis induced by clipping, IP-deficient mice had an attenuated renin response and were resistant to the development of hypertension, indicating a key role for the IP receptor in the baroreceptor pathway for renin release. Moreover, they also found that stimulation of renin in response to furosemide and low-salt diet was also diminished in mice lacking IP receptors, whereas responses in mice lacking EP2 or EP4 receptors were normal. Nusing et al. (32) also reported a blunted renin response to furosemide in IP-deficient mice. By contrast, we found a very modest, nonsignificant reduction in furosemide-induced renin expression in mice lacking IP receptors. Moreover, when mice were maintained on a high-salt diet to prevent volume depletion, renin levels after furosemide were stimulated to levels that were virtually identical in IP-deficient and control mice. The reasons for the apparent discrepancy between our findings and previous studies are not completely clear. Differences in genetic background of the experimental mice used in the various studies are likely a contributing factor.
Alternatively, other studies implicated PGE 2 and its EP2 and EP4 receptors in macula densa signaling. For instance, using a clever biosensor, Peti-Peterdi and associates (35) showed that PGE 2 is released from the basolateral surface of macula densa cells in response to reductions in luminal salt content. Using isolated, perfused kidneys from genetically modified mice, Schweda and associates (41) showed that renin release stimulated by exogenous PGE 2 depended on EP2 and EP4 receptors. In a survey of mouse lines lacking individual prostanoid receptors, Nusing and associates (32) found that renin stimulation after furosemide was attenuated in both EP4-and IP-deficient mice, but the effect was more pronounced in the EP4-deficient mice. Similarly, our data are also consistent with a major role for the EP4 receptor in macula densa signaling. However, as discussed above, we do not find evidence for a significant role of IP receptor in this process. This is especially apparent in the studies of furosemide administration during high-salt feeding where there was no appreciable effect of deleting the IP receptor, yet there was a marked attenuation of the renin response in the EP4-deficient line.
Furosemide triggers the macula densa signal for renin release by inhibiting the NKCC2 transporter. However, it is theoretically possible that changes in body fluid volumes associated with furosemide administration might affect renal perfusion pressure, which could impact renin release through the baroreceptor mechanism. As discussed above, we used high-salt feeding as one approach to avoid such confounding effects in our experiments. We also directly measured blood pressure in EP4 Ϫ/Ϫ mice and their WT controls by radiotelemetry before and during the period of furosemide administration. Using this approach, we did not detect a significant change in blood pressure in either group of animals during the 5-day course of furosemide treatment (Fig. 6 ). These findings suggest that the changes in renin mRNA expression and PRC we observed are primarily due to activation of the macula densa pathway.
Furosemide may also have direct effects on JG cells independent of the macula densa mechanism. For example, Castrop and associates (7) demonstrated that a second isoform of the Na-K- 2Cl cotransporter, NKCC1, is expressed by JG cells where it functions to suppress basal renin release in mice. They found that furosemide stimulated renin release from primary cultures of JG cells from WT mice but not from NKCC1 Ϫ/Ϫ mice. Although it is possible that the modest residual renin response we observed in EP4 Ϫ/Ϫ mice might be due to a direct inhibitory effect of furosemide on NKCC1 in JG cells, this response would have to include a linkage to COX-2 since it is completely extinguished in COX-2-deficient mice. Another possible explanation for this finding is upregulation of renin secretion by non-PGE 2 -mediated mechanisms in response to furosemide treatment. Furosemide acts on macula densa cells to increase generation of nitric oxide (2), which may activate soluble guanylyl cyclase in JG cells, leading to increased levels of cGMP. Phosphodiesterase-3 degrades cAMP, the second messenger that mediates JG cell renin release, and its activity is inhibited by cGMP. Thus, in response to furosemide, elevated levels of cGMP may indirectly stimulate renin release, in the absence of EP4 receptors, by preventing the breakdown of cAMP (1, 40) .
Recent evidence indicates that JG cells may not be the only sources of renin in the kidney. These studies suggest that renin may be synthesized and secreted in the distal nephron, in the connecting tubule and collecting duct (CD) in particular (14, 36) . While the mechanisms regulating expression of renin in the CD have not been clearly delineated, they appear to differ markedly from those controlling renin release by JG cells. In particular, responses to salt loading are generally opposite to those in JG cells, whereas effects of furosemide to increase renin synthesis by the CD have not been reported (37) . While preliminary studies suggest that prostaglandins may contribute to regulation of renin at non-JG sites (38) , the role of prostaglandin synthetic enzymes and receptors in CD renin secretion is not known. Since our measurements of renin expression were carried out in samples of whole kidney, it is possible that non-JG sources may have contributed to the overall quantity of renin expression that we detected. Nonetheless, the relative quantity of renin produced in the CD appears to be substantially less than the JG contribution and any confounding effects of these measurements would likely be minimal.
The enzymatic pathway for synthesis of PGE 2 from arachidonic acid requires cyclooxygenase and a PGE synthase. Both COX-2 and the major known PGE synthase, microsomal PGE synthase 1 (mPGES1), have been localized to macula densa cells (18, 35, 43) . As discussed above, genetic deletion of COX-2 completely eliminates macula densa signaling. To identify the PGE synthase participating in this pathway, we tested renin responses in mice lacking either of the two putative mPGE synthases, mPGES1 or mPGES2. We found no diminution of renin response to furosemide in either the mPGES1-or mPGES2-deficient lines. Furthermore, stimulation of renin mRNA expression by furosemide was actually enhanced in the mPGES2-deficient mice (Fig. 6B ). This finding is consistent with our recent report showing that mPGES2 does not function as a PGE synthase in vivo and that mPGES2 Ϫ/Ϫ mice have significant elevations of circulating PGE 2 levels due to reduced expression of 15-prostaglandin dehydrogenase, the primary enzyme responsible for PGE 2 metabolism (22) . Thus, although we clearly showed that the EP4 receptor for PGE 2 primarily mediates macula densa triggering of renin, these data indicate that neither of the previously identified mPGES enzymes are required for this response. While there is another putative PGE synthase, cytosolic PGE synthase, studies by our group and others indicate that this enzyme is also unlikely to catalyze PGE 2 synthesis in vivo (29) . These findings suggest that alternative synthetic pathways for PGE 2 must exist in macula densa cells. Generation of PGE 2 at the macula densa may be mediated by an as yet unidentified PGE synthase enzyme, a cytosolic glutathione S transferase enzyme (30) , or may occur through nonenzymatic generation of PGE 2 from endoperoxide precursors (24, 39) .
In conclusion, PGE 2 generated through COX-2 and activating its EP4 receptor comprise the paracrine signaling pathway at the macula densa regulating expression and release of renin by the JG cell. A role for the EP4 receptor to trigger renin release and promote increased blood pressure seems paradoxical in view of its effects as a putative dilator receptor in the systemic vasculature (11, 19) . Nonetheless, such complex actions of the prostanoid system have been observed in other tissues, highlighting the importance of local actions of these mediators in shaping global physiological responses. Finally, our studies suggest that PGE 2 can be generated in sufficient quantities to activate this signal in the absence of mPGES1, the major PGE synthase in the kidney, indicating the presence of other pathways for generation of PGE 2 in macula densa cells. 
